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Phenolic adhesives are widely used in the production of engineered wood
products due to their exceptional moisture and thermal resistance, chemical stability, and
bonding strength. The phenolic adhesive is currently produced through condensation
polymerization of two fossil fuel-derived compounds: phenol and formaldehyde.
However, due to fluctuations in the price of phenol and formaldehyde with the price of
oil, environmental and health issues associated with using these compounds, there is a
strong interest in finding alternative renewables feedstocks. Lignin is a natural
polyphenolic compound with excellent potential to substitute phenol in phenolic adhesive
formulations. Lignin is produced as byproducts during pulp and bioethanol processes.
On the other hand, biobased aldehydes such as glyoxal have recently gained a lot of
attention for replacing the toxic formaldehyde in production of environmentally friendly
wood products.
In this study, a wide range of lignin samples from different resources (hardwood,
softwood, wheat straw, and corn stover), and isolated via various processes (kraft,
organosolv, soda, sulfite, and enzymatic hydrolysis), were used to formulate 100%

lignin-based phenolic adhesives. In a separate work, formaldehyde-free phenolic
adhesives were also developed using either glyoxal or gossypol (a dialdehyde from cotton
seed) in combination with phenol. Chemical, physical, and thermal properties of lignin
samples and developed phenolic resins and adhesive were measured using advanced
analytical techniques and appropriate ASTM standard test methods.
Based on two-way ANOVA analysis results of shear strength data, a biorefinery
corn stover lignin that had the highest p-hydroxyphenyl and p-coumaric acid content was
the most suitable lignin for replacing 100% of phenol in phenolic adhesive formulation.
In addition, the developed lignin-based adhesive (formulated with biorefinery corn stover
lignin) showed similar dry and wet adhesion strengths as that of commercially formulated
phenol resorcinol formaldehyde (PRF) adhesive. On weight basis, the formaldehyde
consumption in the developed lignin-based adhesive was 50% lower than the
formaldehyde used in phenol formaldehyde (PF) resin. Moreover, two formaldehyde-free
formulated adhesives using glyoxal and gossypol (renewable feedstocks) had very similar
physico-chemical properties to phenol formaldehyde adhesive.
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CHAPTER I
DEVELOPMENT OF 100% LIGNIN-BASED PHENOLIC ADHESIVE FOR
APPLICATION IN WOOD PRODUCTS
1.1

Abstract and objective
Lignin, produced as a byproduct of pulp and paper and bioethanol industries, is a

polyphenolic compound that has excellent potential to be used as phenol replacement in
phenolic adhesive formulation. In this study, the phenol portion of phenol formaldehyde
(PF) resin has been entirely replaced by an agricultural-based lignin, which was produced
as a byproduct of a cellulosic bioethanol process through pre-enzymatic steam explosion
from corn stover. The PF resol resin was formulated using isolated lignin under alkaline
condition. Chemical, physical and thermal properties of the isolated lignin, PF resin and
adhesive were measured using advanced analytical techniques such as: Fourier
transformed infrared spectroscopy (FTIR), size exclusion chromatography (SEC),
phosphorous nuclear magnetic resonance spectroscopy (31P NMR), thermogravimetric
analysis (TGA), and differential scanning calorimetry (DSC). The developed 100%
lignin-based adhesive and a commercially formulated phenol resorcinol formaldehyde
(PRF, as reference) were used to prepare single-lap-joint samples for mechanical testing.
The plywood samples were pressed under exactly the same conditions (time, temperature
and pressure) as what is recommended for the commercial PRF formulation. According
to two-way ANOVA results, statistically there was no significant difference between the
1

shear strengths of plywood samples made with 100% lignin-based adhesive and those
made with the commercial PRF resin.
Keywords: Lignin, Poly phenolic compound, phenol formaldehyde resin, renewable
materials, biocomposite.
1.2

Introduction
Phenol formaldehyde (PF) is the most commonly used adhesive in the production

of exterior grade wood products like plywood, oriented strand board (OSB), laminated
veneer lumber (LVL), and other engineered wood products. PF adhesives are known to
have exceptional performance such as: excellent moisture resistance, thermal resistance,
chemical durability, and bonding strength.1 Depending on the molar ratio of
formaldehyde to phenol (F/P) and the type of catalyst used in the reaction (acid or base),
the final resin is either resols or novolacs. If formaldehyde reacts with phenol under basic
condition and the molar ratio of F/P is more than one, the production will be resols. In
contrast, if the molar ratio of F/P is less than one and the reaction between phenol and
formaldehyde occurs under acidic condition, novolacs will be formed.2 Accounting for
more than 54% of worldwide consumption, North America is the largest market for PF
resin in wood adhesive applications.3-4 Phenol formaldehyde resin is currently produced
through condensation polymerization of petroleum derived compounds. Formaldehyde is
made of methanol and phenol from benzene using the cumene process.4 Fluctuations in
price of phenol as a result of changes in oil price and concerns about chronic exposure of
workers to phenol during the manufacturing process are the main reasons why over the
last three decades many researchers have studied replacing phenol with biobased
materials. Lignin as the most abundant natural aromatic polymer in the world, and with
2

the back bone of phenyl propane units has exceptional capability to replace petroleumbased phenol in PF resin.4-5 However up to now, to the best of our knowledge, phenol has
been only replaced partially up to 50% when unmodified lignin was used, and addition of
more than 50% lignin has been reported to have negative impact on the performance of
prepared wood composites.4-12 At the commercial scale, in 1990 an OSB producer in
North America was the first that blended 5-25% organosolv lignin with phenolic resin
(powder) and reported no negative impact on properties of the produced OSB panels.7 In
addition to the cost benefit of replacing phenol with lignin, they reported that application
of lignin reduced dust in manufacturing facilities and improved environmental conditions
on the site.7
Many researchers have used different modification techniques to improve the low
reactivity of lignin toward formaldehyde such as: demethylation, phenolation, and
methylolation.13-29 Demethylation is used to modify the chemical structure of lignin by
removing one or two methoxyl groups from ortho positions in lignin structure, thus,
increasing the number of reactive sites in lignin for reaction with formaldehyde.16 In the
phenolation process, the number of phenolic groups is increased using phenol in acidic
media. This process is also reported to decrease the molecular size of lignin chains by
cleaving some of the ether bonds in the lignin structure.30-31 Methylation is another
commonly used method, which adds hydroxymethyl functional groups to the lignin
structure leading to catechol moieties in lignin. Two recent studies reported substitution
of phenol up to 60% and 70% in PF adhesive formulations using modified (demethylated
and phenolated) lignin; the prepared panels met the required mechanical properties
indicated by Chinese national standards.29, 32 However, each modification technique
3

requires additional energy, time and in most cases other chemicals which in the end
translates to higher costs that makes these approaches less attractive to industries.
The goal of our study was to formulate a 100% lignin-based resin using an
unmodified lignin that has potentially higher reactivity toward phenol. The performance
of the developed biobased adhesive was compared with a commercially formulated
phenol resorcinol formaldehyde adhesive designed for application in plywood and OSB
manufacturing. Resorcinol (benzenediol) is an expensive raw material but for higher end
products it is added to the PF resin formulation to accelerate resin curing, improve its
water resistance and adhesion to the wood.33-35
1.3
1.3.1

Experimental Methods
Material
The lignin sample used in this study was provided by POET LLC and is produced

as a byproduct of bioethanol process through dilute acid pretreatment and enzymatic
hydrolysis of corn stover. Poplar veneer samples and commercial phenol resorcinol
formaldehyde (PRF) resin were contributed by Weyerhaeuser and Hexion, respectively.
All other reagents and chemicals were purchased from Fisher Scientific Inc.
1.3.2

Lignin Isolation
Since the original POET lignin sample had other impurities, the pure lignin was

isolated using the method described by Abacherli and Doppenberg.36 Briefly, 5 g of the
original sample was dissolved in 25 mL of 0.5 M NaOH solution and filtered through a
coarse filter paper (Fisher P8) with particle retention of > 20 µm. The solution was then
heated to 80 °C and the lignin was precipitated with sulphuric acid (1 M). The precipitate
4

was then filtered and washed several times with distilled water. The isolated lignin was
dried for 3 h at 80 °C in an oven before further analysis and resin formulation.
1.3.3

Lignin Characterization
To obtain information about the amount of carbon (C), hydrogen (H), nitrogen

(N), and sulfur (S) contents, the original and isolated lignin samples were sent to LECO
(Atlantic Microlab in Atlanta). The samples were analyzed using a CHNS Automatic
Analyzer (CHNS 932), and the percentage of oxygen was calculated based on sum of all
elements deducted by 100.The percent ash content of isolated lignin sample was
measured after calcination of the sample in a Sybron Thermolyne Furnatrol muffle
furnace at 525 °C for 4 h, following the procedure described in TAPPI T 211 om-93
standard test method.
The moisture content of original and isolated lignin samples was gravimetrically
determined by drying samples in an oven at 80 °C for 3 h and also at 100 °C for 1 h.
Drying at 80 °C was performed given that certain lignin moieties can degrade at 100
°C.37
Molecular weight, molecular number, and polydispersity index (PDI) of the
isolated lignin sample were determined by size exclusion chromatography using a Dionex
DX600 chromatograph equipped with an UV detector at 280 nm and a PSS MCX column
(1000 ˚A, 300 × 8 mm) based on ASTM D5296-11 method.
Oven-dried samples of all original and isolated lignin were characterized using
Perkin-Elmer Spectrum two Fourier transform infrared spectrometer in attenuated total
reflectance mode (FT-IR-ATR). Spectra were recorded in a frequency range between 400
and 4000 cm-1 at a resolution of 4 cm-1 with total of 30 scans. In order to compare the
5

spectra of original and isolated lignin samples, at least 10 spectra of each sample were
acquired for multivariate statistical analysis. The principal component analysis (PCA)
model was developed using Unscrambler (CAMO) software.
The phenolic hydroxyl content of the lignin sample was assessed using
quantitative phosphorus NMR (31P NMR) according to procedures published by
Argyropoulos and Granata.38-39 About 40 mg of dried isolated lignin was dissolved in 500
μl of anhydrous pyridine and deuterated chloroform (1.6:1, v/v). The internal deuterium
lock was provided by the deuterated chloroform, which was used as solvent; 100 μl of
cyclohexanol (22.01 mg/ml) was added as an internal standard. After dissolution, 50 μl of
chromium acetylacetonate solution (5.6 mg/ml in anhydrous pyridine and deuterated
chloroform 1.6:1, v/v) was added as a relaxation reagent. Finally, 100 μl of
phosphitylating reagent (2-chloro-4, 4, 5, 5 tetramethyl 1, 3, 2 dioxaphospholane, TMDP)
was added, which is a very powerful reagent for tagging hydroxyl groups for 31P NMR
analysis. The 31P NMR spectra were acquired using a Bruker Avance 500MHz
spectrometer at the University of Toronto. The 31P NMR data were obtained in a 3-mm
tube with a pulse angle of 90° flip and pulse delay of 10 s (relaxation time) with 256
scans.
The hydroxyl content was calculated based on the ratio of the internal standard
peak area (cyclohexanol) to integrated areas over the following spectral regions: aliphatic
hydroxyls (149.1-145.4 ppm), cyclohexanol (145.3-144.9 ppm), and condensed phenolic
units (144.6-143.3; and 142.0-141.2 ppm), syringyl phenolic units (143.3-142.0 ppm),
guaiacyl phenolic hydroxyls (140.5-138.6 ppm), p-hydroxyphenyl phenolic units (138.5137.3 ppm), and carboxylic acids (135.9-134.0 ppm).38-39
6

Thermal stability of the original and isolated lignin samples was measured using a
TGA Q50 V20 instrument. About 15 mg of each dried sample was placed in a ceramic
pan and samples were heated from room temperature up to 1000 °C at the temperature
ramp of 10 °C/min. The test was carried out under nitrogen atmosphere with the flow rate
of 20 ml/min.
1.3.4

Preparation of PF resin and adhesive
A lignin-based phenolic resin was prepared by replacing different amounts of

lignin with phenol (0, 20, 50, 80 and 100 Wt. %). The molar ratio of phenol (combination
of lignin and phenol or pure lignin) to formaldehyde was kept constant at 1:2 for all trials.
First, lignin was dissolved in 1M NaOH and mixed with formaldehyde (37%) inside a
three-necked flask (Figure1.1). A dry bath stacker was used to maintain a uniform
temperature around the flask with stirring. The temperature was gradually increased to 65
°C over a 30 min period and kept at that temperature for 10 min, followed by the addition
of the rest of NaOH solution (about 1/3 of the original amount). The temperature was
then slowly increased to 85 °C and kept constant for 1 h, while stirring at 110 rpm using
small plastic-coated magnets. After that, the system was cooled to the room temperature
and the prepared resin was stored at -18 °C to avoid further polymerization reactions
before thawing for adhesive formulation.
The PF adhesive was formulated using the same procedure recommended for
commercial PRF resin. At first, wheat flour (6.5%, all data are on weight basis) was
slowly mixed with water (18%) and then an alder bark modal (6.5%) was gradually
added to the mixture and stirred using a glass rod. In the next step, thawed resin PF
7

(66%) and NaOH (3%) were added to the solution and stirred for a few minutes using an
overhead digital mixer at 300 rpm.

Figure 1.1

1.3.5

Image of resin preparation setting.

Preparation of lap shear samples
About 0.10 g of each adhesive formulation was applied on 25 mm of the end

section of popular veneer samples (measuring 25.4 mm × 102.0 mm × 5.6 mm). Then a
SATEC Universal mini hot press was used to make lapped samples for shear strength
evaluation (Figure 1.2). The two veneers were pressed at 1400 kPa, 180 °C, for about 34 min, which was the same press parameters recommended for the commercial PRF
adhesive.

8

Figure 1.2

1.3.6

Illustration of the lap shear strength specimen.

Resin Performance
In order to quickly evaluate the water resistance performance of formulated

biobased resins, approximately 5 ml of each resin was mixed with about 0.5 g sawdust
and another 5 ml (only resin) was placed in two separate aluminum dishes. Both samples
were left to cure in an oven at 130 °C for 1 h. After that, 0.5 g of cured samples was
submerged into about 100 ml distilled water and left at room temperature for one week
(Figure 1.9).
The lap shear strengths of bonded veneers were measured according to ASTM
D5868 – 01 using an Instron universal testing machine. Ten replicates of each different
adhesive formulation were tested and results were recorded as maximum shear stress,
calculated by dividing maximum force by shear area in MPa. The wet tensile shear
strengths (10 replicates) of samples were also measured according to ASTM D-3434.
The prepared plywood samples were submerged into boiling water for 4 h, and then
placed in the oven at 65 °C for 20 h before submerging them again in boiling water for
another 4 h. The wet shear strengths of samples were evaluated right after the second 4 h
boiling step.
9

Finally, the percentage of wood failure for each lap shear specimen was
calculated quantitatively with image analysis technique using ImageJ software. Briefly,
images were first adjusted in Photoshop to ‘‘auto-color’’ and ‘‘auto-contrast’’ in ‘‘imageadjustment’’ and then the brightness/contrast were set to the highest level (+100).40 The
adjusted images (Figure 1.10) were saved as tiff files for further analysis by ImageJ
software. In the next step, the ImageJ software was used to measure the percent wood
failure by selecting the entire tested area, and then through “analyze-measure” function.
1.3.7

Resin and Adhesive Characterization
The nonvolatile content of liquid commercial and lignin-based resins was

determined according to ASTM D4426-01 method. The viscosities of samples were
measured at room temperature (23 °C) and reported at the shear rate of 1000/s using a
Discovery HR-2 hybrid rheometer (AR-1500), and their pH was determined by a digital
pH meter (Mettler Toledo S220). The gelation time of each resin was also measured
following the procedure reported by Pizzi and Mittal.10 About 1 g of resin was placed in a
glass test tube and immersed in a beaker filled with boiling water. The time count started
instantly until the gel was formed while the resin was stirred using a glass rod. The
gelation time is considered as the time when the resin formed a string around the glass
rod when the glass rod was taken out from the resin.
Thermal properties of commercial and lignin-based adhesives were evaluated by
DSC Q20 (V24.11 Build 124). About 4 mg of each sample was weighed into a T-Zero
Hermetic aluminum pan and heated from room temperature to 180 °C at a heating rate of
10 °C/min.
10

The amount of free formaldehyde in phenolic resin was quantitatively determined
using a titration method in accordance with European Standard DIN EN ISO 9397.
Briefly, potentiometric titration was used to determine hydrochloric acid formed during
the reaction of formaldehyde with hydroxylamine hydrochloride.
1.4
1.4.1

Results and Discussion
Lignin Properties
The results of physico-chemical characteristics of original and isolated lignin

samples are presented in Table 1.1. The ash contents of isolated lignins were lower than
the original lignin samples as expected, due to the reduced inorganic content after the
lignin purification process. Molecular size determination of the original lignin sample
was not possible because it was not soluble in NaOH. Molecular number (Mn), molecular
weight (Mw) and polydispersity index (PDI) of this isolated lignin sample (Table 1.1)
were significantly lower than the molecular sizes of Indulin kraft lignin (Mn=1176, Mw=
4497 and PDI=3.8) that was used as a reference.
Mineral composition (C, H, N, S, and O) data that were obtained from elemental
analysis results are presented in Table 1.1. The original lignin had higher oxygen content
but lower carbon, hydrogen and nitrogen than the isolated lignin. The sulfur contents of
both lignin samples (original and isolated one) were the same (0.2%) and very low. The
higher oxygen content of the original lignin sample is probably due to the presence of
undigested cellulose and hemicelluloses. The data obtained in our analysis are very
similar to data reported for corn stover by Medic et al.41 In general, cellulose with
empirical formula of (C6H10O5) n contains on average 44.4% of carbon, 6.2% hydrogen
11

and 49.4% of oxygen, which means it has much higher oxygen to carbon ratio than lignin
described by the common C9 formula of (C9H10O4).42-43

Table 1.1

1

Lignin characterization results.

Lignin
Sample

%MC
100°C
1h

%MC
80°C
3h

%Ash
Content

Original
Lignin
Isolated
Lignin

1.84
(0.6) 1
1.83
(0.5)

1.1
(0.2)
0.97
(0.1)

13.2
(0.5)
1.21
(0.2)

Elemental Analysis (%)

Mn
g/mol

Mw
g/mol

PDI

─

─

552

1176

C

H

N

S

O

─

46.5

5.4

1.6

0.2

46.4

2.1

58.4

5.7

1.8

0.2

34.0

Values in parenthesis are standard deviation based on five replicate analyses.

The 31P NMR spectra were used to calculate the hydroxyl phenolic content of
lignin to accurately determine the amount of lignin needed to formulate resol resin. Table
1.2 shows the hydroxyl content of the isolated lignin calculated using the 31P NMR
spectra. Analysis of 31P NMR spectra of the isolated lignin (Figure 1.3) revealed that this
lignin had exceptionally high p-hydroxyphenyl content relative to syringyl and guaiacyl
in its structure. Based on the NMR analysis results, our assumption was that this lignin
should have much higher reactivity toward formaldehyde. Thus, it should be a more
suitable biopolymer to replace phenol in formulation of phenolic resin when compared
with other hardwood and softwood lignins that were used in previous studies.
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Table 1.2

Hydroxyl content of isolated lignin samples summary of 31P NMR
analysis.

Functional Aliphatic
Hydroxy Condensed
Syringyl Guaiacyl
Groups
OH
phenyl
Phenolic
Hydroxyl
content
2.09
0.51
0.68
0.81
0.20
(mmol/g)

Carboxylic
Total
acid
phenolic
0.78

2.2

Internal Standard

p-hydroxyphenyl

Aliphatic OH

Figure 1.3

Carboxylic acid

Condensed Phenolic
Guaiacyl

Syringyl

31

P NMR spectra of isolated lignin sample.

Both original and isolated lignins were analyzed by FTIR-ATR (Figure 1.4).
Since these two spectra were very similar, principle component analysis (PCA) was used
to determine potential differences not only in the presence or absence of a peak, but also
in the intensity of the peaks in these two samples.
The scores plot of PC-1 to PC-2 (Figure 1.5) shows two clear clusters of the two
samples confirming that the model was successful in explaining variations between the
13

samples with only two PCs. As can be seen in Figure 1.5 (scores plot) all the isolated
lignin sample (marked as IL) are located at the top or positive side of the y-axis and all
the original samples (marked as OL) are located at the bottom section or on the negative
side of the y-axis.

Figure 1.4

The ATR-FTIR spectra of original and isolated lignin sample.

The loadings plot (Figure 1.6) essentially separates the distinctive peaks that
describe different components of the analyzed samples. In this case, the peaks on the
positive side describe attributes of the isolated lignin that are significantly different from
14

the original lignin sample. Likewise, the peaks on the bottom describe attributes enriched
of the original lignin sample. Major FTIR peaks that have been assigned to lignin and
polysaccharides are summarized in Table 1.3.44-48

Table 1.3
Wave

FT-IR bands assignment in lignin and polysaccharide samples.
Assignment

References

3332

O-H stretching involved in hydrogen bonds (lignin, polysaccharides)

44-53

2981 & 2887

C-H stretching in CH3 and CH2 (lignin, polysaccharides)

44-53

1694

C=O stretching, unconjugated (lignin)

44-48

1630

C=O stretching, conjugated (lignin)

44-48

1600

Aromatic skeletal vibrations (S > G) (lignin)

44-48

1512

Aromatic skeletal vibrations (G > S) (lignin)

44-48

1458

C-H deformations in CH3 and CH2 (lignin, polysaccharides)

44-53

1423

Aromatic skeletal vibrations and/or asymmetric deformation
vibration of C-H bonds in methoxyl groups (lignin)

44-48, 54

1392

Phenolic O-H (lignin) and/or C-H deformation (hemicellulose)

44-53, 5556

1324

S ring (or G ring condensed) breathing 1328 (lignin)

44-48

1233

C-C & C-O stretch, G condensed > G (lignin)

44-48

1163

C-O stretch in ester groups (HGS) (lignin)

44-48

1122

Aromatic C-H in plane deformation (S) (lignin)

44-48

1031

Aromatic C-H in plane deformation (G >S) (lignin) or/and C-O-C
stretching (polysaccharides) and/or deformation vibration of C-O
bonds in primary alcohols

831

Aromatic C-H out- of -plane bending (lignin)

56

667

β-glycosidic ethyl linkages (polysaccharides)

52

number (cm-1)

15

44-53, 57

Figure 1.5

The Scores plot of PCA model of POET original and isolated POET
samples.

Figure 1.6

The Loadings plot of PCA model of POET original and isolated POET
samples.
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In loadings plot, each peak that is placed further from the center line has stronger
influence on the model. Notably, the peak in 1031cm-1 (the biggest peak) which belongs
to C-O stretching vibration of cellulose, hemicellulose and lignin, explains the maximum
differences between the two samples.58 Although this peak exists in both spectra (Figure
1.4), it is significantly smaller in isolated lignin than the original lignin, consistent with
removal of cellulose and hemicellulose impurities.
The appearance of a relatively intense absorption band at 1694 cm-1 (C=O
stretching, unconjugated lignin) in conjunction with absence of peak at 667 cm-1(βglycosidic ethyl linkages polysaccharides) in the isolated lignin could be explained by
potential breakage of β-glycosidic ethyl linkages between hemicelluloses and lignin
during the isolation process.52
1.4.2

Resins properties
Table 1.4 shows pH, viscosity, solid content, free formaldehyde and gelation time

of commercial and developed lignin-based resins.

Table 1.4

1

Properties of commercial and lignin-based resins.

Sample ID

Solid
Content (%)

pH

Viscosity
(mPa. s)

Free formaldehyde
(%)

Gel time
(s)

100% Ligninbased resin

24.7 (0.1) 1

9.2

0.40

7.1 (0.45)

432 (17)

Commercial resin
(PRF)

27.9 (0.05)

9.4

0.28

6.2 (0.39)

317 (13)

Values in parenthesis are standard deviation based on three replicate analyses.
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Most measured physical properties of the lignin-based resin were similar to the
properties of the commercial PRF resin (Table 1.4). Although the viscosity of ligninbased resin was higher than the PRF, the low solid content of the resin simplified its
application on wood. While viscosity can be readily controlled, efforts are underway to
address the slightly higher free formaldehyde content in lignin-based resin without
negatively affecting the final performance of composite products.
1.4.3

Thermal Properties
Figure 1.7 shows the thermal stability and decomposition of original and isolated

lignin samples heated from room temperature to 1000 °C. The TGA graphs (y-axis, left)
show the percentage of mass loss over the temperature range and the derivative
thermogravimetric analysis (DTG) graphs (y-axis, right) display the rate of mass loss, in
which the maximum peak could be used as the degree of thermal decomposition.59 As
can be seen in the TGA graph (Figure 1.7), the degradation temperature of carbohydrate
components in the original and isolated lignin samples began at 200 °C and 210 °C,
respectively. These results indicate that the original and isolated lignin samples were both
thermally stable below 200 °C. The maximum degradation peak (DTG) in original lignin
was at 325 °C, while in isolated lignin was at 350 °C (Figure 1.7). Since lignin has much
greater thermal stability than carbohydrates, the increase in thermal degradation
temperature and the DTGmax of isolated lignin in comparison with the original sample is
again due to the removal of carbohydrates through the isolation process. Also, the lower
charred residue of the original lignin sample (28.7%) in comparison with isolated lignin
(32.8%) can be explained by the higher volatilization of cellulose and hemicellulose in
the original lignin samples.60
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Figure 1.7

The TGA plots of original and isolated lignin samples in left Y axis and
derivative TGA curves in right Y axis.

DSC analysis was used to determine the curing temperature of the phenolic
adhesives. The curing temperature is one of the most important parameters which ensures
not only the proper curing of the adhesive in press, but also its adhesion quality in
produced engineered wood products. In general, resol phenolic adhesives show two
distinctive exothermic peaks in DSC graphs. The first exothermic peak results from the
additional reaction between phenol and residual free formaldehyde in the prepared PF
resins.61 The second exothermic peak is attributed to the condensation reaction through
the crosslinking of polymer chains during the curing process.61
Figure 1.8 shows the DSC thermosetting graphs of commercial and lignin-based
adhesives. The main exothermic curing peak of commercial adhesive appeared at 195 °C,
19

while for lignin-based adhesive it is at 203 °C. Although, the curing temperature of
developed lignin-based adhesive is slightly higher than the commercial phenol resorcinol
formaldehyde adhesive, it is within the lower range of curing temperatures for other
lignin-phenol formaldehyde adhesive reported by previous studies (150-320 °C).62-66
Additionally, the required energy for curing the lignin-based adhesive is 90 J/g which
was almost half the required amount of energy for curing of the commercial PRF of
171J/g (Figure 1.8); different additives can also be tested as a means to further reduce the
curing temperature of the developed lignin-based adhesive.

Figure 1.8

DSC graphs of lignin-based (blue) and commercial (red) phenolic
adhesives.
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1.4.4

Resin Performance
The quick water immersion test used in this study was a very helpful method to

rapidly evaluate the quality of the developed biobased resins. Since all developed resins
(with 20, 50, 80 and 100% lignin) did not dissolve in water, only 100% lignin-based
resins were used for further characterization and adhesive formulation (Figure 1.9).

Figure 1.9

Image of submerged cured lignin-based resin in distilled water after one
week.

Table 1.5 shows the dry and wet shear strengths of the plywood specimens made
with commercial and lignin-based adhesives. Previous studies only showed similar
mechanical strength when 50% or less amount of phenol was replaced by lignin.28-29, 67
Increasing lignin content to above 50% has been reported to drastically reduce the lap
shear strengths in previously published works.15, 23, 28-29, 64, 68-70 The prepared joints using
the 100% lignin-based adhesive has the acceptable shear lap strength as required by
National standard (≥ 0.7 MPa).70 The images of lap shear samples failure taken by
camera (left) and modified by Photoshop (right) are shown in Figure 1.10.
21

Table 1.5

The lap shear of dry and wet plywood samples, and also percent woof
failure (image analysis results).

Adhesive type

Commercial

Adhesive

Dry Shear

Wet Shear

Dry Wood

Wet Wood

Amount

Strength

Strength

Failure

Failure

(g)

(MPa)

(MPa)

(%)

(%)

0.12 (0.03) 1

3.06 (0.5)

3.00 (0.7)

88 (8)

87 (5)

0.13 (0.01)

3.36 (0.2)

2.60 (0.6)

84 (7)

73 (9)

PRF adhesive
100% Ligninbased adhesive
1

Values in parenthesis are standard deviation based on ten replicate analyses.

Figure 1.10

Image of wood failure section (left) taken from lap shear strength plywood
specimen, modified image for image analysis using Photoshop (right).

Based on two-way ANOVA, statistically there was no significant difference
between the mean shear strength of developed 100% lignin-based adhesive of samples
(3.06) with the mean of commercial PRF adhesive (3.36). Table 6 shows the p-value of
the two-way ANOVA analysis of shear strengths of adhesives, and also the relation
between the amount of adhesive that was applied, type of resin used (e.g., 100% lignin22

based (LF) or commercial resin (PRF)), and sample condition (e.g., wet or dry). This
analysis showed that only sample condition (i.e., wet or dry) significantly affected shear
strength.
Table 1.6

p-Value of two-way ANOVA results of shear strengths data of adhesives
and interaction effects among amount of resin, samples condition (wet or
dry) and resin type (lignin-based LF or PRF commercial) α = 0.05.
Source

1.5

DF

p-Value

Resin type

1

0.1409

Amount

9

0.8290

Resin × Amount

4

0.3752

Condition

1

0.0114

Resin × Condition

1

0.6989

Amount × Condition

3

0.9887

Resin × Amount ×Condition

1

0.3741

Conclusions
Replacing 100% of phenol with lignin in phenolic adhesive formulations would

significantly improve the percentage of renewable raw materials and worker health. This
study is the first to describe an adhesive formulation with 100% lignin that has
mechanical strength similar to the commercially formulated phenol resorcinol
formaldehyde (PRF) adhesive when cured at the same condition as the commercial
formulation. The lignin recovered from steam-explosion pretreatment of corn stover used
in this study proved to be a suitable source of lignin for this application. Finding new
markets for lignin that is produced as a byproduct during bioethanol production has the
potential to significantly improve the overall economic viability of this industrial process.
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CHAPTER II
COMPARATIVE ANALYSIS OF DIFFERENT LIGNINS AS PHENOL
REPLACEMENT IN PHENOLIC ADHESIVE FORMULATIONS
Depending on the source (softwood, hardwood or annual crop) or isolation
method (kraft, organosolv, sulfite, soda or enzymatic-hydrolysis), there are significant
variations in lignin structures and properties. In this work, phenol was entirely replaced
with nine different lignin samples in phenolic adhesive formulations to produce ligninbased resins and adhesives. Properties of these novel lignin-based resins, as well as their
starting lignin, were evaluated by advanced analytical methods to assess the suitability of
each lignin for phenol formaldehyde (PF) adhesive replacement. Hydroxyl content of
lignins were determined with phosphorous nuclear magnetic resonance spectroscopy (31P
NMR) and p-coumaric and ferulic acids content with high performance liquid
chromatography (HPLC). Properties of lignin-based resins and adhesives were evaluated
for solid content, viscosity, gelation time, pH, and free formaldehyde content using the
appropriate ASTM standard test methods. Results showed that lignin samples with higher
p-hydroxyphenyl or higher p-coumaric acid contents were better candidates for replacing
100% of phenol in phenolic adhesive formulations. Two-way ANOVA statistical
analyses showed that a biorefinery corn stover lignin was the best lignin for this
application. Additionally, our results showed that replacing 100% of phenol with lignin in
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phenolic adhesive formulation would reduce the consumption of formaldehyde by 50%
on weight basis.
Keywords: Lignin, Biobased adhesive, Phenolic resin, and Biorefinery.
2.1

Introduction
Wood product industries widely use phenolic adhesives as a binder in

manufacturing of oriented strand board (OSB) and plywood.1 PF resins are classified as
exterior adhesives due to their resistance to temperature, water, and weathering, and their
low formaldehyde emissions make them suitable for indoor applications too.28 Two main
types of PF resins are resol and novolac, whose differences depend on the reaction
condition and the molar ratio of formaldehyde to phenol. When phenol and formaldehyde
react under basic condition and the ratio of formaldehyde to phenol (F/P ratio) is greater
than one, resol is created, while novolac is formed when the ratio of F/P is less than one
and the reaction occurs under acidic condition.2
The fluctuations in the price of phenol with oil and gas prices and long-term
exposure to phenol throughout the production process has motivated many researchers
and industries to work on phenol replacement, using renewable alternatives.4 Lignin is an
amorphous biopolymer with a backbone of hydroxyphenyl propane units, making it an
exceptional substitute for petroleum-based phenol in the production of phenolic resin.4-5,
71-72

However, lignin’s high molecular weight, low reactivity, and high polydispersity

create limits in using it as a phenol replacement in phenol formaldehyde resin
production.6 Along with its high molecular weight, the complex 3D structure of lignin
limits the accessibility of its reactive sites by formaldehyde in phenolic resin formulation.
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The availability of aromatic C3 and C5 (ortho) positions in the aromatic structure of
lignin plays an important role in defining the lignin reactivity towards formaldehyde. In
syringyl units, both ortho positions (C3 and C5 positions) are occupied by methoxyl
groups, while there are one and two free ortho positions in guaiacyl and p- hydroxyl
phenyl, respectively. The ratio of monolignols in lignin differs depending on their source
(softwood, hardwood, or annual crop) and isolation method (kraft, organosolv, sulfite,
soda or enzymatic hydrolysis). The syringyl (S), guaiacyl (G), and p-hydroxyphenyl (H)
units exist in both woody plants and annual crops at different ratios. Hardwoods contains
both syringyl and guaiacyl units, while softwoods mainly contain guaiacyl units with
traces of p-hydroxyphenyl units.26 On the other hand, annual crops contain all the three
lignin groups along with p-coumaric and ferulic acids.
Given that lignins from annual crops have higher amounts of p-hydroxyphenyl
and available free ortho positions, they are better candidates for this application.22, 73-74 In
general, lignin reactivity is lower than phenol due to its macromolecular structure, steric
hindrance, and less reactive sites in the structure. Demethylation, phenolation in acidic or
basic media, and methylolation techniques have been used by previous researchers to
increase the reactivity of phenol with formaldehyde.14, 18, 20, 22-23, 27, 74-76 However, any
modification process requires additional energy, cost, and time which is not desired by
industry.
In previous studies, up to 50% of phenol has been replaced by unmodified lignin
in the adhesive formulation of wood composite products without negatively affecting
mechanical properties of the panels.73, 77 Zhao et al.29 have recently shown that panels
made by adhesives synthesized from the substitution of 70% of phenol with a modified
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(phenolated) lignin can maintain their mechanical properties as required by Chinese
standards. Tachon et al.78 also synthesized a phenolic resin replacing of 70% of the
phenol with unmodified organosolv wheat straw lignin, showing that the physical,
chemical, thermal, and mechanical properties of their formulated resin was similar to the
standard phenolic resin. In our previous study, we were able to replace 100% of phenol
with an unmodified lignin. The resulting lignin-based adhesive had similar wet and dry
shear strength to a commercial phenol resorcinol formaldehyde adhesive.79
The main objective of this study was to test the reactivity of a wide range of
lignins from different resources (hardwood, softwood, wheat straw, and corn stover),
isolation processes (kraft, organosolv, soda, sulfite, and enzymatic hydrolysis) toward
formaldehyde to determine which lignin is most suitable to replace phenol in phenolic
adhesive formulations.
2.2
2.2.1

Experimental Methods
Materials
In this work, nine different lignin samples were used as phenol replacements in

phenolic resin formulation. The abbreviated name, biomass source, and extraction
method of each lignin sample are presented in Table 2.1. All other chemicals and
reagents were supplied by Sigma Aldrich or Fisher Scientific and used without further
purification.
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Table 2.1

2.2.2
2.2.2.1

Description of lignin samples.
Sample ID

Extraction method

Lignin source

L1- Kr-HW

Kraft

Hardwood

L2- EH-CS

Enzymatic hydrolysis

Corn Stover

L3- Kr-SW

Kraft (Indulin-AT)

Softwood

L4- Os-SW

Organosolv

Softwood

L5- Os-HW

Organosolv

Hardwood

L6- Su-SW

Sulfite (Lignosulfonate)

Softwood

L7- Os-CS

Organosolv

Corn Stover

L8- Kr-SW

Kraft

Softwood

L9- So-WS

Soda

Wheat Straw

Lignin Characterization
Moisture Content (%MC)
The moisture content of each lignin sample was gravimetrically determined by

drying samples to a constant weight in an air oven at 80 °C and 100 °C for 3 h and 1 h,
respectively. Since it has been reported that lignin might partially degrades at 100 °C80,
the moisture contents of samples were also calculated at 80 °C for three hours. Briefly,
about 0.5 g of each lignin sample (5 replicates) was placed in an aluminum pan, weighed,
and heated as stated above. Pans were then removed and placed in a desiccator to cool
before measuring their final weight. The corresponding weight loss was attributed to the
moisture content, which was determined using the following equation:
% MC = (w1-w2)/ w2 × 100%
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where w1 and w2 are the initial weight of sample (g) and the oven dry weight of sample
(g), respectively.
2.2.2.2

Ash Content
The ash content of the lignin samples was gravimetrically measured according to

TAPPI- T 211 om-93 method. First, crucibles were pre-dried to a constant weight using a
Sybron Thermolyne Furnatrol muffle furnace at 250 °C, cooled to the room temperature
in a desiccator, then weighed to the nearest 0.1 mg. About 1 g of each oven dried lignin
sample (i.e. dried at 105 °C for 1 h) was transferred to a pre-weighed crucible and placed
in the furnace. The temperature was initially kept at 250 °C for 15 min to prevent flaming
followed by a calcination step at 525 °C for 4 hours, and cooling naturally to 100 °C.
Then, the samples were transferred into a desiccator before measuring their weights. The
ash content was calculated based on the following equation:
Ash content (%) = (weight of Ash (g) / weight of the oven-dried sample (g)) × 100%
2.2.2.3

Analysis of Mn, Mw, and PDI of Lignin
Molecular weight of lignin was determined using gel permeation chromatography

(GPC). Lignin samples were dissolved in THF (HPLC grade). Samples were then filtered
using a syringe filter (PTFE, 0.45 μm). The filtrate was injected into the GPC system
(Waters, Milford, MA, USA) which included a separations module (Waters e2695),
column oven, PDA detector (Waters 2998), and refractive index detector (Waters 2414).
The mobile phase was THF (HPLC grade) with a flow rate of 1 ml/min. The column used
was 300 mm × 7.8 mm Ultyragel THF 500 Å from Waters. Polystyrenes with specific
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molecular weights (162, 370, 580, 1000, 1300, 2000, 3000, 5000, 7000, and 10000 Da)
were used as calibration standards. All molecular weights and numbers of samples were
calculated using Empower GPC Software.81
2.2.2.4

Elemental Analysis
The weight percent of hydrogen (H), sulfur (S), carbon (C) and nitrogen (N)

contents of the lignin samples were measured by a CHNS Automatic Analyzer (CHNS
932, LECO, Atlantic Microlab, USA). The amount of oxygen was determined based on
the sum of all elements plus ash and then subtracted from 100.
Quantitative 31P NMR Analysis

2.2.2.5
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P NMR analysis with Argyropoulos and Granata38-39 method was used to

quantitatively measure the Phenolic hydroxyl content of lignin samples. Briefly, 500 μl of
deuterated chloroform and anhydrous pyridine in a 1.0:1.6 (v/v) ratio were used to
dissolve 30.0- 40.0 mg of lignin samples. Then, 22.0 mg/ml of cyclohexanol as an
internal standard and 5.6 mg/ml of chromium acetylacetonate as a relaxation reagent
were added, followed by adding 2-chloro-4, 4, 5, 5 tetramethyl 1, 3, 2 dioxaphospholane
(TMDP) as a phosphitylating reagent. The 31P NMR spectra were obtained on a 500 MHz
Bruker Avance spectrometer using 90° pulses angle and 10 s pulse delay for 256 scans at
room temperature.
2.2.2.6

HPLC Analysis
Alkaline saponification was used to determine p-coumaric acid (p-CA) and ferulic

acid (FA) content in lignin samples based on the procedure published by Crowe et al.82
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Briefly, 0.5 g of lignin sample was loaded in a pressure tube with the addition of 25 ml of
3 M NaOH. The sealed tube was then transferred to a hot water digester (Model
MK800D-2, M/K Systems Inc), and treated at 121 °C for 1 h. After treatment, liquid
samples were centrifuged at 10,000 rpm for 3 min (Centrifuge 5804 R, Eppendorf). In the
next step, 1 ml of the liquor was then adjusted to about pH 1.5 with 72% (w/w) sulfuric
acid, followed by centrifugation at 10,000 rpm for 3 min. The supernatant was analyzed
by HPLC (Waters e2695) equipped with an Aminex HPX-87H column (Bio-Rad,
Hercules) using an aqueous mobile phase containing 5 mM sulfuric acid and a 10% (v/v)
acetonitrile. P-CA and FA quantification was performed using a photodiode array (PDA)
detector (Waters 2414) with a UV wavelength of 315 nm.
2.2.3

Preparation of PF Resins
Lignin-based phenolic resins were formulated by substituting 100% of phenol

with different lignin samples. Lignin samples were mixed with 1 M NaOH and
formaldehyde (37%) solution in a round-bottom three-neck flask equipped with a
thermometer and a reflux condenser. The molar ratio of formaldehyde to phenolic
hydroxyl in lignin was kept at 2:1 for all the formulated lignin-based resins, which
resulted in different masses of the various lignins used listed in Table 2.1 based upon
their phenolic hydroxyl content (mmol/g). The solution was stirred with the rate of 400
rmp at 65 ºC for 30 min, followed by adding 1 M NaOH solution. The system was then
kept at 90 °C for two hours. After the reaction was completed, the system was cooled
down to the ambient temperature and the resin was kept in the freezer to prevent further
condensation polymerization reactions. Phenol formaldehyde resin was also prepared in
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the lab with the molar ratio of phenol to formaldehyde equals to 1:2 to compare the
formaldehyde consumption in 100% lignin-based with pure phenol formaldehyde resins.
2.2.4
2.2.4.1

Phenolic Resin and adhesive Properties
Solid Content
The solid content (SC) of liquid phenolic resin was determined according to

ASTM D4426-01 method. First, disposable aluminum pans were placed on a heater at
270 °C for about 15 seconds to flash off any excess oil from the surface, which could
have remained during manufacturing. The preheated dishes were transferred into a
desiccator for 5 minutes before measuring their weights. Then, about 1 gram of resin was
placed at the center of each dish and kept in an oven at 125 °C for 105 min (3 replicates
for each sample). After cooling the samples in the desiccator, their weights were
measured, and solid contents were calculated using the following equation:
% SC= (weight of oven dried resin (g) / weight of initial resin (g)) × 100%
2.2.4.2

pH and Viscosity
Mettler ToledoTM S220Seven Compact digital pH meter was used to measure the

pH of all resins and adhesives at room temperature by inserting the pH electrode into the
samples. The pH was recorded to one decimal place after vigorously agitating the
samples for 10 to 15 seconds. The viscosity of formulated resins and adhesives were
measured using a Discovery HR-2 Hybrid Rheometer at room temperature (23 °C) at the
shear rate of 1000 s-1.
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2.2.4.3

Alkalinity
Since there is not any available standard test method to determine the alkalinity of

resins and adhesives, the alkalinity of phenolic resins was measured based on the
standard test method for water alkalinity (ASTM D1067) which was recommended by
Lorenz and Christiansen.83 Depending on the expected amount of NaOH in phenolic
resins, different amounts of PF resins ranging from 2 to 10 g was dissolved in 100 ml
distilled water and then titrated to a pH 3.5 with 0.1 N HCl solution. The alkalinity was
determined using the following equation:
% NaOH = (Vml HCl used × 0.4) / weight of PF resin (g)
2.2.4.4

Gelation Time
Gelation time is considered as the time when the resin changes from liquid state to

a flexible gel state. The gel time of resin samples with Pizzi and Mittal10 procedure was
measured by visual assessment. Briefly, a glass test tube equipped with a glass rod was
filled with about 1 g of resin and then immersed in a boiling water bath, the gelation time
was then recorded from the time point that the test tube was submerged in the boiling
water to the time point that the resin tends to hold the rod. During the test, the resin was
stirred in the tube by raising and lowering the glass rod, and the stopwatch started
immediately until the gel was formed.
2.2.4.5

Free Formaldehyde Content
The free formaldehyde percent of formulated phenolic resins was determined

according to European Standard DIN EN ISO 9397. Potentiometric titration was applied
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to quantitatively measure the amount of HCl released through the reaction of
hydroxylamine hydrochloride (NH2OH HCl) with formaldehyde toward the formation of
formaldoxime (CH2 = NOH). 100 ml of distilled water was added to an adequate amount
of phenolic resins, and pH was adjusted to 4 by 0.1 N HCl. Afterwards, 20 ml of 10%
hydroxylamine hydrochloride was added to the resins and the solution was titrated to pH
= 4 using 0.1 N NaOH solution. Finally, the percentage of free formaldehyde in the resin
was calculated using following equation:
% CH2O = (Vml (NaOH) × N (NaOH) × 3.003)/ weight of resin sample (g)
2.2.5

Thermal Property
The curing temperature of the freeze-dried uncured lignin-based adhesives was

measured by DSC 3, Mettler Toledo, using a single heating rate method. About 5 mg of
adhesive samples was placed in a Tzero aluminum pan and heated from ambient
temperature to 250 °C under the flow of nitrogen gas (15 ml/min) at a heating rate of 10
°C/min.
2.2.6
2.2.6.1

Resin and Adhesive Performance
Water Resistance
In order to evaluate the water resistance performance of PF resins, about 5 ml of

formulated resin was mixed with 0.1 g sawdust in an aluminum dish. The sample was
cured and dried in an oven at 130 °C for 1 hour. Afterwards, the dried sample was
submerged into about 100 ml of distilled water at room temperature.
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2.2.6.2

Plywood Preparation
To formulate adhesive (or glue mix as it is called by industry), 0.65 g of wheat

flour was dissolved in 1.80 g distilled water and then alder bark (Modal) was gradually
added to the solution and stirred for about 2 minutes. Afterward, 6.60 g of a prepared
resin, and 0.03 g NaOH solution were added to the mixture and stirred for about five
minutes. Finally, to test the performance of synthesized adhesives, shear lap samples
were prepared by applying 0.10-0.12 g of formulated adhesives on one fourth of the
surface of Douglas fir veneer samples (measuring 25.4 mm × 102 mm × 3.17 mm) as
indicated in ASTM D5868-01. Then, a SATEC Universal mini hot press was used to
make plywood samples by pressing the two veneers at 175 °C under 1400 kPa for 4 min.
2.2.6.3

Shear Lap Test
The Instron universal tensile strength machine was used to measure the lap shear

strength of bonded veneers according to the ASTM D5868 – 01 methods. Ten replicates
of lap shear strength measurements were conducted for each adhesive formulation. In the
next step, the images of detached veneers were taken using Canon CS100 camera. For
quantitative data, images were analyzed using ImageJ software following the procedure
described by Nejad and Cooper.40
2.2.7

Statistical Analysis
To test the effects of different type lignin-based resins on shear strength of

plywood samples, two-way analyses of variance (ANOVA) were performed at 95%
confidence level using SAS software. Pearson’s correlation matrix (SPSS software) was
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also conducted to assess the correlation between properties of lignin samples, ligninbased resins and adhesives with adhesives performance.
2.3
2.3.1
2.3.1.1

Results and Discussion
Characterization Results of Lignin Samples
The properties of Lignin Samples
Physico-chemical characteristics of lignin samples are summarized in Table 2.2.

The moisture content (MC) of lignin samples were higher at 100 °C (1h) compared to 80
°C (3h). This could be due to either the loss of some volatile organic compounds within
lignin samples at 100 °C80, or because of insufficient drying of lignin samples at 80 °C.
As shown in Table 2.2, sulfite (L6- Su-SW) and organosolv (L5- Os-HW) lignins
had the highest and lowest amount of ash content, respectively. In general, the ash
content variation in different lignin samples can be attributed to the original source and
isolation method of biomass samples.84 Lignosulfonate and kraft lignins use sulfur
dioxide (SO2) and sodium sulfide (Na2S) in their extraction methods, respectively.
Therefore, the higher ash content in these lignins could be a result of the high amount of
sulfur (Table 2.2), as well as sodium or potassium included after the neutralization of
alkaline liquor during precipitation.84 Although lignins numbered 3 and 8 are both
softwood kraft lignins, their inorganic mineral contents (or ash content) were different;
this could be due to the different conditions (temperature, pH, or time) used to separate
lignin from black pulping liquors.
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Table 2.2
Lignin

Measured lignin properties, values in parenthesis are standard deviation
based on five replicate analyses.
% MC

% MC

% Ash

Mn

Mw

% Sulfur
Sample

100 °C, 1 h

80 °C, 3 h

L1- Kr-HW

3.8 (0.1)

5.4 (0.2)

L2- EH-CS

4.8 (0.2)

L3- Kr-SW

PDI
Content

g/mol

g/mol

0.20

1.1 (0.1)

1300

3100

2.3

2.6 (0.2)

0.16

0.6 (0.1)

2400

5460

2.3

3.8 (0.2)

3.6 (0.2)

1.60

4.3 (0.2)

1790

4600

2.6

L4- Os-SW

3.2 (0.1)

1.8 (0.4)

0.15

0.4 (0.1)

1450

5770

4.0

L5- Os-HW

2.7 (0.2)

1.8 (0.3)

0.00

0.1 (0.1)

1540

4080

2.6

L6- Su-SW

8.2 (0.1)

5.5 (0.5)

5.08

11.4 (0.2)

̶

̶

̶

L7- Os-CS

5.5 (0.4)

4.1 (0.3)

0.62

3.3 (0.2)

2300

9350

4.0

L8- Kr-SW

5.6 (0.3)

4.3 (0.5)

3.21

1.9 (0.3)

1910

4590

2.4

L9- So-WS

1.9 (0.1)

1.4 (0.3)

0.61

1.8 (0.2)

1600

4580

2.7

Note: SW=Softwood, HW=Hardwood, CS=Corn Stover, WS=Wheat Straw, Kr=kraft,
EH=Enzymatic Hydrolysis, OS=organosolv, So=Soda.

Applying the sulfur-free isolation technique like organosolv process can lead to
lignin with low ash content. Lignins numbered 4, 5, and 7 are all isolated through
organosolv process, but were originated from different sources. Organosolv corn stover
lignin (L7- Os-CS) had higher ash content than softwood and hardwood organosolv
samples (L4- Os-SW and L5- Os-HW). This might be explained by the fact that usually
there are more silica in annual crops than in woody biomass.85 Additionally, the relatively
high amount of ash (1.78%) in wheat straw soda lignin (L9- So-WS) could be attributed
to either high amount of silica in wheat straw lignin85, or sulfur in sulfuric acid that is
used to precipitate lignin in the neutralization step.84
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The structure of lignins and their molecular weights highly depend on two factors:
lignin source and the extraction method. Due to the high solubility of lignosulfonate (L6Su-SW) in water, it was not possible to perform the acetylation in order to measure the
molecular weight of lignosulfonate sample. As seen in Table 2.2, two hardwood lignin
samples used in this study (L1 and L5) had higher syringyl (S) units in their structures
and lower molecular weights compared to other lignin samples as expected. The lower
molecular weight of hardwood lignins is due to the occupation of two ortho positions in
their S units by methoxyl groups, resulting in the formation of weak ether linkages (β-O4, α-O-4, and 4-O-5).86 In contrast, guaiacyl and p-hydroxyphenyl with one and two
empty ortho positions, respectively, can form a stable C-C bond during biosynthesis in
the plant, which is not easy to cleave during the pulping process. Consequently, the
molecular weight of lignins with high amounts of G or H units are expected to be higher
than that of lignin with more S units.86-87 It should also be noted that even though two
kraft softwood lignin samples ((L3 and L8) used in this study have higher guaiacyl and
hydroxyphenyl (G and H) units than organosolv softwood lignin (L4), kraft lignins had
lower molecular weights (L8 = 4600 and L3 = 4590 g/mol) and polydispersity index
(PDI) than organosolv softwood lignin (5770 g/mol). This could be because the majority
of β-O-4 linkages are broken during the kraft process when compared to a milder process
such as organosolv. Molecular weight decreases occur in annual crop lignins in the
following order: organsolv corn stover (L7- Os-CS) > enzymatic corn stover (L2- EHCS) > soda wheat straw (L9- So-WS). Similarly, the lower molecular weight of lignin
number 9 (soda wheat straw) compared to the other annual crop lignins could be
explained by the higher syringyl functional units in this lignin.
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Additionally, the enzymatic corn stover lignin had the lowest PDI, which shows
that this lignin has more homogenous molecular size distributions than other lignins. This
is a valuable indictor, which significantly affects production of a resin with more
reproducible and predictable properties.
2.3.1.2

31P

NMR and HPLC Analyses

The 31P NMR results of lignin samples were used to calculate the phenolic
hydroxyl content of lignin to determine the amount of lignin needed to react with
formaldehyde at a molar ratio of 1:2 (lignin: formaldehyde). Table 2.3 shows the
phenolic hydroxyl content of lignin samples.
Generally, annual crop lignins have higher amounts of H units than woody
lignins.74 The higher amount of p-hydroxyphenyl in enzymatic corn stover lignin (L2EH-CS) than all other lignin samples might be associated with the highly esterified pcoumaric acid (Table 2.2). In fact, the sharp peak at 137.7 ppm in Figure 2.1 corresponds
to p-coumaric acid and the broad peaks in the region between 138.5-137.3 ppm are
assigned to p-hydroxyphenyl.47 Although sample numbers L2 (EH-CS) and L7 (Os-CS)
are both corn stover lignins, it can be seen how the extraction processes could have a
major impact on the structure of lignin. As a result, the corn stover lignin isolated through
enzymatic hydrolysis (H: 0.81 and G: 0.68 mmol/g) had much more reactive sites (H and
G) compared to corn stover isolated through organosolv (H: 0.14 and G: 0.60 mmol/g).
The obtained results indicate that probably more ether linkages are broken during dilute
acid-pretreatment and enzymatic hydrolysis process.88

39

Table 2.3

Phenolic acids and phenolic hydroxyl contents of lignin samples obtained
by HPLC and 31P NMR, respectively.
Phenolic acids (mg/g)

Sample ID
p-CA

Ferulic
acid

Hydroxyl group (mmol/g)
Syringyl

Guaiacyl

p-hydroxy

Condensed

Total

Phenyl

Phenolic

Phenolic

L1- Kr-HW

N/A

N/A

2.40

1.00

0.21

0.55

4.16

L2- EH-CS

32 (2) a

6.2 (0.7)

0.51

0.68

0.81

0.20

2.2

L3- Kr-SW

N/A

N/A

0.28

1.92

0.24

0.57

3.01

L4- OS-SW

N/A

N/A

0.37

1.50

0.16

0.36

2.39

L5- OS-HW

N/A

N/A

1.55

0.89

0.17

0.44

3.05

L6- Su-SW

N/A

N/A

0.07

0.06

0.01

0.02

0.16

L7- OS-CS

N/A

N/A

0.35

0.60

0.14

0.14

1.23

L8- Kr-SW

N/A

N/A

0.56

2.18

0.25

0.87

3.86

L9- So-WS

1.1 (0.1)

1.2 (0.1)

1.27

1.01

0.27

0.50

3.05

1

values in parenthesis are standard deviation based on five replicate analyses.
Note: SW=Softwood, HW=Hardwood, CS=Corn Stover, WS=Wheat Straw, Kr=kraft,
EH=Enzymatic Hydrolysis, OS=organosolv, So=Soda.

As expected, softwood lignins contain more guaiacyl units, but the amount varies
based on isolation methods. The kraft lignins had higher G units than organosolv and
lignosulfonate softwood lignins. The two softwood kraft lignins (L3- Kr-SW and L8- KrSW) contained almost an equal amount of both H and G units, but the amount of S unit in
lignin L8 (0.56 mmol/g) was twice that of L3 (0.28 mmol/g). This difference may be due
to the different type of softwood used in these two lignins or different extraction
conditions (time, temperature, and pH). The kraft pulping process has been reported to
induce the most condensed phenolic groups than other isolation methods.88 Our data also
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shows that the amount of condensed phenolic (Table 2.3) was much higher in kraft
softwood and hardwood lignins (L1, L3, and L5) than others.

Internal Standard

p-hydroxyphenyl

Aliphatic OH

Figure 2.1

Condensed Phenolic

Guaiacyl

Carboxylic

acid

Quantitative 31P NMR of L2- EH-CS.

HPLC results showed that phenolic acids only existed in two annual crop lignins
(L2- EH-CS and L9- So-WS). Ferulic and p-coumaric acids are covalently linked to the
lignin side chains via ether and ester bonds, respectively. The higher amount of pcoumaric acid (p-CA) in enzymatic hydrolysis corn stover lignin (L2) versus soda wheat
straw lignin could be attributed to the saponification reaction that occurs during alkaline
(soda) isolation method resulting in removal of p-CA acid from biomass.89
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2.3.2

Resins Characteristics and Performances
Solid content, pH, alkalinity, viscosity, gelation time, and free formaldehyde

content of prepared lignin-based resins data are summarized in Table 2.4. To have high
water resistance and to avoid precipitation of lignin samples, the pH of all lignin-based
resol resins was maintained in the range between 9-11.90 Overall, lignin-based resins with
higher pH had higher viscosities and shorter gelation time (Table 2.4). For instance,
organosolv hardwood lignin (L5- Os-SW) with pH 10.9 had the highest viscosity (440
mPa. s) and shortest gelation time (6.2 min). This observation is in agreement with
previous reported studies in which an increase in the pH of the resin have shown to
increase the resin viscosity and reduce the gelation time, causing a rapid thickening.91
The alkalinity of our lignin-based phenolic resins ranged from 1.9 to 2.7%. Lignin-based
adhesives formulated with kraft and soda lignins had much higher alkalinity than the
others, resulting from sodium hydroxide, sodium sulfide, and sodium carbonate use in the
kraft and soda pulping processes.
Additionally, our results showed that lignins with higher reactive sites (H and G
units, Table 3) were more reactive toward formaldehyde and resins made with these
lignin samples had less remaining free formaldehyde following the formulation reaction
(Table 2.4). In contrast, lignins containing higher syringyl content had higher free
formaldehyde content. For example, the hardwood lignins with high syringyl units (L1Kr-HW = 2.40 and L5- SW-HW = 1.55 mmol/g) had the lowest reactive sites (low phydroxyphenyl and guaiacyl content), and thus had the highest free formaldehyde
contents (L1 = 2.4% and L5 = 1.2%). Lignin L2, an enzymatic corn stover lignin, had the
highest hydroxyphenyl content (H = 0.81 mmol/g) and lowest free formaldehyde content
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(0.1 %). This indicates that more formaldehyde took part in the hydroxy-methylated
reaction during resin formulation; therefore, the unreacted formaldehyde was lower in the
developed lignin-based resin. After the enzymatic lignin, the most reactive lignins toward
formaldehyde were the two softwood kraft lignins (L3 and L8), which had the highest
guaiacyl content (L3 = 1.92 and L8 = 2.18 mmol/g) and the lowest free formaldehyde
content after lignin-2 (L3 = 0.3%, L8 = 0.5 %). The existence of one free ortho position
in guaiacyl structure makes softwood lignins more reactive toward formaldehyde;
thereby, resulting in a resin formulation with lower free formaldehyde content.

Table 2.4

Measured properties of formulated lignin-based resins, average (standard
deviations) based on five replicates.
pH

Alkalinity
(%)

Viscosity
(mPa. s)

L1- Kr-HW

Solid
Content
(%)
20 (0.1)

110

Gelation
Time
(min)
13.3 (0.2)

Free
Formaldehyde
Content (%)
2.4 (0.03)

10.6

2.6 (0.1)

L2- EH-CS

25 (0.1)

9.3

2.1 (0.1)

200

15.3 (0.1)

0.2 (0.01)

L3- Kr-SW

15 (0.8)

10.5

2.2 (0.1)

150

11.4 (0.2)

0.3 (0.01)

L4- Os-SW

29 (0.5)

10.7

2.6 (0.1)

250

10.9 (0.3)

1.1 (0.03)

L5- Os-HW

21 (0.4)

10.9

1.9 (0.1)

440

6.2 (0.2)

1.2 (0.07)

L6- Su-SW

22 (0.1)

9.3

2.1 (0.1)

60

20.5 (0.1)

1.0 (0.01)

L7- Os-CS

20 (0.3)

10.3

2.7 (0.1)

320

14.5 (0.1)

0.5 (0.01)

L8- Kr-SW

20 (0.1)

10.8

2.4 (0.1)

130

7.2 (0.1)

0.5 (0.06)

L9- So-WS

20 (0.1)

10.6

2.4 (0.1)

120

10.1 (0.1)

1.0 (0.03)

PRF1

28 (0.1)

9.4

2.0 (0.1)

280

5.3 (0.1)

0.2 (0.04)

Sample ID

1

PRF: Commercial phenol resorcinol formaldehyde.
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Another important parameter that effects adhesive performance and its
penetration into the wood is viscosity.92 The correlation analysis results showed that there
is a strong positive relationship (r = 0.93) between lignin molecular weights (Table 2.2)
and the viscosity of developed lignin-based resins; it should be noted that L5 was
removed from the regression analysis as it was an outlier. The lower viscosity of kraft
hardwood lignin (L1) and higher viscosity of organosolv lignin (L7) is consistent with
previous studies.61, 93
Solid content is also another important factor in the formulation of phenolic
adhesives, since it can significantly affect the spread rate of the glue and the final cost
calculation.92 The solid content of lignin-based resins ranged from 15 to 29%. Unlike
phenol formaldehyde resin6, 27, there was not a linear correlation (r = 0.15) between the
molecular weight of lignin samples (Table 2.2) and the solid contents of lignin-based
resins (Table 2.4).
The water immersion test consisting of a mixture of cured resins and sawdust was
a simple method to quickly identify the water-resistance of lignin-based resins in this
prototype study. Resin prepared from biorefinery corn stover lignin (L2- EH-CS) showed
the highest water resistance and remained intact even after 2 weeks of water immersion.
High water resistance can be explained by the fact that the resin made with this
enzymatic corn stover lignin (L2- EH-CS) had higher reactivity toward formaldehyde,
which resulted in higher degree of crosslinking when cured.
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2.3.3
2.3.3.1

Adhesives Characteristics and Performances
Adhesives Properties
The Physical, chemical, and thermal properties of lignin based phenolic adhesives

are measured and presented in Table 2.5. The presence of at least one distinctive
exothermic peak in DSC diagrams is a characteristic of curing or crosslinking of resol
phenolic adhesives, as a result of condensation polymerization reactions in the
adhesives.61, 94 The main exothermic peak of all formulated lignin-based adhesives
ranged between 121 °C to 168 °C (Table 2.5) which is less than the curing temperature of
the commercial phenol resorcinol formaldehyde adhesive at 195 °C used in this study.
The curing temperature of 100% lignin-based resins developed in this study were lower
than previous studies63-66, 79 in which phenol was partially replaced by lignin. Since the
concentration of free reactive sites in all studied lignin samples is not the same, the curing
temperature varies in prepared lignin-based adhesives. The hardwood lignins (L1- KrHW and L5- Os-HW) had the highest syringyl content (L1 = 2.40 and L5 = 1.55 mmol/g)
in which both ortho positions are occupied with methoxyl groups. This means that the
adhesives made with these lignins have no positions available for reaction with
formaldehyde. As a result, there were more free formaldehyde in the adhesive
formulation that lead to lower curing temperatures.61 On the contrary, L2 (EH-CS)
contained the highest p-hydroxyphenyl (0.81 mmol/g) with two free ortho positions to
react with formaldehyde. Consequently, adhesives made with L2 had the least free
formaldehyde content and the maximum curing temperature (168 °C). This indicates that
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by slightly increasing the amount of formaldehyde we can significantly reduce the curing
temperature to meet the temperature required for curing of plywood or OSB by industry.

Table 2.5

Characteristics of formulated lignin-based adhesives, average (standard
deviations) based on five replicates.

Sample ID

Solid Content
(%)

pH

Viscosity

Main Curing

Enthalpy

(mPa. s)

Temperatures (°C)

(j/g)

L1- Kr-HW

30 (0.1)

13.0

340

121

230

L2- EH-CS

34 (0.1)

13.3

530

168

116

L3- Kr-SW

29 (0.1)

13.2

380

166

175

L4- Os-SW

33 (0.2)

13.1

1100

167

60

L5- Os- HW

26 (0.2)

13.0

4610

127

110

L6- Su-SW

35 (0.5)

13.2

140

137

165

L7-Os-CS

27 (0.3)

13.4

570

161

47

L8- Kr-SW

29 (0.1)

13.1

610

162

80

L9- So-WS

29 (0.1)

13.1

320

145

127

PRF 1

37 (0.1)

13.2

600

195

171

1

PRF: Commercial phenol resorcinol formaldehyde.
Note: SW=Softwood, HW=Hardwood, CS=Corn Stover, WS=Wheat Straw, Kr=kraft,
EH=Enzymatic Hydrolysis, OS=organosolv, So=Soda

DSC curing plots of biorefinery corn stover and softwood kraft lignin (L3- KrSW) are shown in Figure 2.2 (the rest are included as supplementary files in Appendix
A). The broad exothermic peak of both lignin-based adhesives (L2- EH-CS and L3- KrSW) in comparison to the commercial adhesive (PRF) could be attributed to either a
higher molecular weight of lignin compared to phenol, or the overlapping of curing
reaction with the sharp endothermic peak from the vaporization of produced water.95
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2.3.3.2

Adhesives Performance
The results of the dry shear strength of plywood specimens prepared from

different lignin-based adhesives and the commercial PRF adhesive are shown in Figure
2.3. The shear strength data, percentage failure (based on image analysis results), and
Tukey grouping statistical analysis results are also presented in Table 2.6. In addition, the
p-values results of two-way ANOVA test for the shear strength data of phenolic
adhesives are shown in Table 2.7.

Figure 2.2

DSC thermograms of L2- EH- CS, L3- Kr- SW, and commercial adhesives.
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5

Shear Strength (MPa)

4

Figure 2.3

3
2
1
0

Shear strength of 100 % lignin-based PF adhesives compared to PRF
adhesive.

Note: SW=Softwood, HW=Hardwood, CS=Corn Stover, WS=Wheat Straw, Kr=kraft,
EH=Enzymatic Hydrolysis, OS=organosolv, So=Soda.

As can be observed in Tables 2.6 and 2.7, based on two-way ANOVA,
statistically there is no significant difference between mean shear strength of the
commercial PRF (3.6 MPa) and that of the next highest shear strength of the developed
100% lignin-based adhesive of enzymatic corn stover lignin L2 (3.2 MPa). It should be
noted that there is no significant difference between adhesives marked with the same
letters. The two-way ANOVA results (Table 2.7) also indicate that resin types have a
significant effect on the shear strength of the adhesives (p < 0.05), while the effect of the
amount of resin is not significant. Also, there is no significant interaction between the
amount and type of resins (p > 0.05).
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Table 2.6

The mechanical performance for formulated lignin-based adhesives,
average (standard deviations) based on ten replicates.

L1- Kr-HW

Adhesive
Amount (g)
0.13 (0.01)

Shear Strength
(MPa)
1.8 (0.6)

Tukey
Grouping
B

Wood Failure
(%)
35 (14)

L2- EH-CS

0.13 (0.01)

3.2 (0.5)

A

75 (17)

L3- Kr-SW

0.13 (0.01)

2.6 (0.6)

AB

41 (20)

L4- Os-SW

0.14 (0.01)

2.1 (0.6)

B

30 (21)

L5- Os- HW

0.13 (0.01)

2.0 (0.6)

B

27 (23)

L6- Su-SW

0.14 (0.01)

1.9 (0.7)

B

19 (21)

L7- Os-CS

0.14 (0.01)

2.4 (0.4)

AB

42 (30)

L8- Kr-SW

0.12 (0.02)

2.5 (0.6)

AB

44 (27)

L9- So-WS

0.14 (0.01)

2.3(0.6)

AB

26 (19)

PRF

0.12 (0.03)

3.6 (0.5)

A

88 (8)

Sample ID

Note: SW=Softwood, HW=Hardwood, CS=Corn Stover, WS=Wheat Straw, Kr=kraft,
EH=Enzymatic Hydrolysis, OS=organosolv, So=Soda.

Table 2.7

p-value of two-way ANOVA results of shear strength data of adhesives
and interaction effects between amount of resin and resin type (α = 0.05)
Source

DF

p-Value

Resin type

9

0.0004

Amount

6

0.3572

Resin x Amount

27

0.1230
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Overall, the statistical analysis result of shear strength data confirms that our
initial hypothesis that the lignin samples with higher p-hydroxyphenyl and guaiacyl
content, which have two and one free ortho positions in their structures to react with
formaldehyde, were more suitable for formulating lignin-based phenolic adhesives.
Table 2.8 shows the Pearson’s correlation matrix between the properties of ligninbased resin, lignin-based adhesive, and the phenolic and ash content of various lignins.
Each random variable (Xi) in the table was correlated with other values (Xj). The positive
correlation coefficient (r) corresponds to a direct relationship between two parameters,
and the negative r indicates that when one property increases the other decreases. In
Table 2.8, those values with p-value of less than 0.05 and 0.01 are shown with bold font
indicating confidence interval of 95% and 99%, respectively.
There is a significant positive correlation between adhesives shear strength with
adhesives curing temperature (p < 0.05, r = 0.75), the p-hydroxyphenyl content of lignin
samples (p < 0.05, r = 0.78), and phenolic acids content of lignin samples (p-CA: p <
0.05, r = 0.75 and FC: p < 0.05, r = 0.74). The statistical results confirm that lignins with
higher p-hydroxyphenyl and p-coumaric acid content are better candidates for replacing
phenol in PF adhesive formulations. Also, there was a strong negative correlation (r =
−0.86) between adhesives shear strength and the free formaldehyde content of resin,
indicating that resins with lower residual free formaldehyde contents formed stronger
adhesives. Additionally, there was a strong negative correlation (r = −0.94) between
adhesive curing temperature and syringyl content of the lignin samples (p < 0.01, r =
−0.94). As predicted hardwood, lignins with higher syringyl content had more residual
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free formaldehyde content (low reactivity with formaldehyde); thus, they were not
suitable for this application.
Additionally, our statistical analysis results showed that there was no significant
correlation between adhesive shear strength and lignin ash content (p = 0.51, r = 0.28),
which means the developed lignin-based adhesives were not sensitive to the ash (sulfur)
content of the lignin. This is particularly important for lignin producers since high purity
lignin is not a requirement for favorable lignin-based adhesives using this application.
Notably, the amount of formaldehyde consumption was nearly decreased by half
(50% on a weight basis) when substituting 100% of phenol with lignin in PF adhesive
formulation. For instance, in 1 g of developed lignin-based resin using the corn stover
enzymatic lignin (L2- EH-CS), only 0.35 g of formaldehyde was required for the optimal
1:2 molar ratio of phenolic hydroxyl content to formaldehyde. Meanwhile, for 1 g of
phenol formaldehyde resin developed in the lab, 0.63 g of formaldehyde were required to
achieve the 1:2 molar ratio.
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Table 2.8

Correlation matrix showing Pearson’s r for the properties of lignin-based
resin, lignin-based adhesive, and the phenolic and ash content of lignins.

Variable
ID

Variable
name

1

1

SS

_

2

R pH

-0.76*

_

3

GT

0.37

-0.78*

_

4

F

-0.86**

0.42

-0.08

_

5

CT

0.75*

-0.41

0.28

-0.84**

_

6

S

-0.38

0.19

-0.09

0.86**

-0.94**

_

7

H

0.78*

-0.90**

0.48

-0.40

0.35

-0.09

_

8

Ash

0.28

0.02

0.22

-0.43

0.37

-0.46

-0.26

_

9

FA

0.74*

-0.83**

0.50

-0.39

0.31

-0.07

0.98**

-0.29

−

10

p-CA

0.75*

-0.85**

0.51

-0.40

0.33

-0.10

0.99**

-0.30

0.98**

2

3

4

5

6

7

8

9

* p < 0.05; ** p < 0.01
SS: Shear Strength, R pH: Resin pH, G T: Gelation Time, F: Free Formaldehyde Content, CT: Curing
Temperature, S: Syringyl, H: Hydroxy Phenyl, FA: Ferulic acid, and p-CA: p-Coumaric acid.
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10

−

2.4

Conclusions
Depending on the source of biomass and isolation process, the structures and

properties of lignin highly differs. In general, lignin with a closer backbone structure to
phenol are more suitable for replacing 100% of the phenol portion in the phenolic
adhesive formulations. The statistical analysis of shear strength data of lignin-based
adhesives shows that 1) lignins with high concentration of p-hydroxyphenyl or pcoumaric acid (mainly lignins from annual crops) are best candidates for formulating
lignin-based phenolic adhesive; 2) hardwood lignins which are rich in syringyl groups
whose two ortho positions are occupied with methoxyl groups are not reactive toward
formaldehyde, thus not suitable for this application; and 3) softwood lignins with high
guaiacyl content have the potential to replace 100% of phenol in PF formulation, but
more in depth research is needed to optimize both the reaction process and adhesive
formulation to improve adhesive performance.
In addition to replacing 100% of phenol with a sustainable raw material (lignin),
our study showed that on a weight basis the formaldehyde consumption is also reduce by
about 50%. This means that the developed 100% lignin-based adhesive not only has
similar performance as that of commercially formulated phenol resorcinol formaldehyde,
it is significantly less toxic, less expensive and more environmentally friendly than the
current phenol formaldehyde adhesive on the market.
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CHAPTER III
FORMULATING FORMALDEHYDE FREE PHENOLIC ADHESIVES USING
BIOBASED GLYOXAL AND GOSSYPOL (A DIALDEHYDE FROM
COTTENSEED)
3.1

Abstract and objective
Resol phenolic adhesive is the most commonly used adhesive in the

manufacturing of plywood and oriented strand board (OSB). Due to health and
environmental issues related to formaldehyde emission from phenol formaldehyde (PF)
adhesives, replacing formaldehyde with either less toxic or biobased raw materials is one
of the primary goals of researchers working in the field. In this work, the formaldehyde
portion of PF resin was entirely replaced with either glyoxal (dialdehyde) or gossypol (a
natural dialdehyde compound derived from cottonseed). The physico-chemical and
mechanical properties of developed phenol-glyoxal (PG) and phenol-gossypol (PGos)
resins were measured, and compared with the PF resin formulated in the lab. Solid
content, viscosity, gelation time, pH, and free aldehyde content of developed biobased
resins and adhesives were measured using appropriate ASTM standard test methods.
Differential scanning calorimetry (DSC) was used to measure the curing temperature of
formulated adhesives. The performance of developed adhesives was also evaluated by lap
shear strength test. The results showed that both glyoxal and gossypol attained from
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natural feedstocks have great potential to completely replace formaldehyde in phenolic
adhesive formulations.
Keywords: Phenolic adhesive, glyoxal, gossypol, sustainability, biobased
3.2

Introduction
Phenol formaldehyde resin is one of the first marketed synthetic polymers, which

is produced through condensation polymerization of phenol with formaldehyde in acidic
(novolac) or basic (resol) media. Novolac phenolic resins are mainly used in electrical
equipment, while resol resin are used in structural adhesive for production of wood
products.96-97 Having excellent chemical and mechanical stability, bonding strength,
moisture, heat, and weather resistance makes the cured resol resin the most commonly
used adhesive in exterior-grade wood panels.10 Based on reaction conditions (molar ratio
of F/P, temperature, and catalyst concentration), thermosetting resol undergoes additional
and condensation reactions (Figure 3.1).
Formaldehyde with the H2C=O formula is the simplest and very reactive
aldehyde. Formaldehyde is the most suitable, inexpensive aldehyde for formulating PF
resin. However, formaldehyde is listed as an environmental toxicant and carcinogenic
chemical by the Environmental Protection Agency (EPA) (group B).4 Depending on the
concentration of formaldehyde, it can react with proteins in the human body and cause
skin irritation, and the inflammation of noise, throat, lungs, and eye membranes.98
Formaldehyde is produced from methanol (petrochemical) using metal oxide or
silver catalysts 99. In 2012 year, over 20 million tons of formaldehyde is produced in the
world, in construction and furniture industry, and this value is expected to increase
significantly in the upcoming years 100. Majority of formaldehyde (55%) is used in urea
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formaldehyde resin formulations, then melamine formaldehyde (14%), phenol
formaldehyde (7%), and polyacetal resins (6%).4 Although the cured phenolic resin does
not emit formaldehyde like urea formaldehyde resin, chronic exposure of manufacturing
workers to formaldehyde has been always the greatest concern in recent years. Thus,
developing a formaldehyde free adhesive using either less toxic aldehydes or renewable
feedstocks became the focus of many researchers working in this field.101-102

Figure 3.1

Resol phenolic resin formation mechanism.
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Many researchers devoted their time in replacing phenol with biobased raw
materials, while the relatively less attentions have been paid to substituting formaldehyde
with renewable feedstocks.73, 79, 103 Number of studies have tried different approaches to
reduce the formaldehyde emission from resol resins using various commercial or bio
scavengers including urea, ammonia, melamine, charcoal, tannin, and corn flour. 104-105 It
should be noted that formaldehyde is still used as a starting material in the synthesis of
phenolic resin in the presence of a scavenger. Additionally, there are only a few studies
that have been focused on replacing both phenol and formaldehyde with biobased
compounds. 106-108
Glyoxal76, 109-111, furfural112-114, 5-hydroxymethyl furfural (HMF)115, and
hydrolyzed starch116 have been used as a formaldehyde replacement in phenolic resin
production. However, to the best of our knowledge, this study is the first that is focused
on replacing formaldehyde with gossypol in phenolic adhesive formulation.
Glyoxal with the formula of C2H2O2 (O=CH−HC=O) is the smallest dialdehyde with
two adjacent carbonyl groups, which can be derived from natural feedstocks through
oxidation of lipids or as a byproduct in biological and enzymatic process of fructose.111,
117

Glyoxal is used in the manufacturing of diverse polymers as a crosslinking agent. The

main advantage of glyoxal over formaldehyde is its non-toxicity and non-volatility of
glyoxal. 111
Gossypol is a yellow polyphenolic aldehyde that can be produced synthetically or
found naturally in cottonseed pigment (Gossypium species) (Figure 3.2). Gossypol exists
in two enantiomeric forms and exhibits antibacterial and antibiotic activities, and
currently used mainly in medical applications.118
57

Figure 3.2

Structure of Gossypol (C30H30O8).

One of the structural characteristics of gossypol is that it can form enantiomer,
tautomer, and hydrogen bonding. Aldehyde, ketone, and hemiacetal are three possible
tautomeric forms of gossypol and the complex reaction chemistry detected in gossypol
resulted from its tautomeric forms.118 The predominant gossypol’s tautomeric form
differs depending on the type of solvent used in the reaction. For instance, aldehydes are
predominant gossypol’s tautomeric forms in basic media, while hemiacetal are the main
forms in acidic media.119
Yuan et al.115 had been used 5-hydroxymethyl furfural (HMF) to replace
formaldehyde in novolac resin formulation. They reported that the synthesized phenolHMF resin had similar mechanical strengths as of the traditional novolac resin.
Additionally, Zhang et al.116 used hydrolyzed starch as a formaldehyde replacement in
novolac resin, and reported that the thermal, physicochemical, and mechanical properties
of the synthesized resin met the standard requirements.
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Ramires et al.109 used glyoxal obtained from natural resources as a replacement of
formaldehyde in development of biobased composites. They used resorcinol to accelerate
the curing reaction and sisal fibers to improve the mechanical strength of the prepared
resin. They showed that using sisal fibers in resin formulation significantly improved the
reactivity of glyoxal toward phenol compared with synthesis resin without sisal fibers. In
a separate study, Amaral-Labat et al.110 used glyoxalated soy flour adhesives for
preparing small scale particleboards, showed that the boards met the relevant standard
specifications required for interior wood products. Mansouri et al.76 studied the use of
glyoxal as a formaldehyde replacement in the lignin-based phenolic adhesive (GL) for
particleboards. They measured the internal bond strength of the prepared adhesives and
reported that it met the international standard specifications for exterior-grade panels. It
should be noted that, diphenylmethane diisocyanate (pMDI) was added to the formulated
adhesive (GL) as a crosslinker, and the ratio of glyoxal to pMDI was 60:40.
The main objective of this study was to develop formaldehyde free adhesives
by using renewable materials to reduce both environmental and health hazards associated
with formaldehyde emission from wood products. Two less toxic aldehydes (glyoxal and
gossypol) were used to formulate formaldehyde free phenolic adhesives for application in
engineered wood products.
3.3
3.3.1

Experimental Methods
Materials
Gossypol used in this study were generously provided by The Agricultural

Research Service (ARS) of the U.S. Department of Agriculture, and Douglas fir veneer
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samples kindly supplied by Hexion. All other reagents and chemicals were obtained from
Fisher Scientific Inc, and used without further purification.
3.3.2
3.3.2.1

Preparation and properties of resins and adhesives
Phenolic resin preparation
Phenol formaldehyde (PF), phenol-glyoxal (PG), and Phenol- gossypol (PGos)

resins were prepared with a molar ratio of phenol to aldehyde 1:2. First, phenol and 1 M
NaOH solution were mixed inside a three-necked flask equipped with a magnetic stirrer,
condenser, and thermometer. Then, in three separate experiments, formaldehyde (37%),
glyoxal (40%), and gossypol (solid) were gradually added to the mixture with constant
mechanical stirring (450 rpm). The temperature was slowly increased to 65 °C in a 30
min period and kept at that temperature for 10 min, followed by the addition of the rest of
NaOH solution (about 1/3 of the original amount). The system was then heated to 90 °C
and remained at that temperature for another 2 h. The resulting resins were cooled down
to room temperature and stored in freezer to prevent further polymerization reactions.
3.3.2.2

Characterization of phenolic resins and adhesives
Physical, chemical and thermal properties of formulated resins and adhesives

were measured using appropriate ASTM standard test methods. The viscosity of prepared
phenolic resins and adhesives was measured using Brookfield DV-III Ultra Programable
Rheometer at room temperature (23°C) and reported at the shear rate of 1000 s-1. The
gelation time of resin samples was measured by visual assessment based on the procedure
reported by Pizzi and Mittal.10 Briefly, a glass test tube equipped with a glass rod was
filled with about 1 g of resin and then placed in a boiling water bath. A stopwatch started
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immediately and the glass rod was raised and lowered inside the glass test tube until the
resin tended to hold the rod and time was recorded as gelation time. The pH was
measured at room temperature by using Mettler ToledoTM S220Seven Compact digital
pH meter. The alkalinity of resin samples was measured according to the procedure
recommended by Haupt and Sellers.92 Depending on the expected amount of NaOH in
phenolic resins, different amount of PF resins ranging from 2 to 10 g was diluted with
100 ml distilled water and then titrated with 0.1 N HCl solution to a pH 3.5. The
alkalinity was determined based on the volumetric consumption of HCl and the amount
of the resin that was added. Hydroxylamine hydrochloride method (European Standard
DIN EN ISO 9397) was used to determine the free aldehyde content in formulated
phenolic resins. A proper amount of phenolic resin was diluted with 100 ml of distilled
water and the pH was adjusted to 4.0 with 0.1 N hydrochloric acid. Thereafter, 20 mL of
10% hydroxylamine hydrochloride solution was added to the resin and the mixture was
stirred for10 min. Free aldehyde content was measured by back titration to pH= 4.0 using
a solution of 0.1N NaOH. The solid content was determined at 125 °C for 105 min
according to ASTM D4426-01. The following equation was used to measure the solid
content of formulated resins and adhesives:
% Solid Content = (weight of oven dried resin (g) / weight of initial resin (g)) × 100
The curing temperature of freeze-dried uncured phenolic adhesives was measures
using DSC 3, Mettler Toledo. About 5 mg of each adhesive was placed in a sealed
aluminum pan and heated from room temperature to 250 °C at a heating rate of 10
°C/min under nitrogen atmosphere, and at a flow rate of 15 ml/min.
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3.3.3
3.3.3.1

Resin and Adhesive Performance
Water Resistance
Water resistance performance of formulated resins was evaluated by mixing about

5 ml of resin with sawdust in an aluminum pan and curing it in an oven at 130 °C for one
hour. Afterward, the dried mixture of cured resin and sawdust samples was submerged
into about 100 ml distilled water at room temperature.
3.3.3.2

Preparation of plywood
In order to reduce the cost and improve the mechanical properties of phenolic

resins, phenolic adhesives were prepared by adding filler and extender to the phenolic
resins.120 In fact, the phenolic adhesives were formulated using the recommended
procedure for commercial adhesive by industry. First, 0.65 g of wheat flour was slowly
mixed with 1.80 g distilled water and then 6.6 g of extender was gradually added to the
mixture and stirred for a few minutes using a glass rod. In the next step, 0.03 g sodium
hydroxide solution was mixed with formulated resins and the solution was stirred for 5
minutes using a high-speed mixer (500 rpm).
To prepare plywood samples, one fourth of the surface of Douglas fir veneer
samples with 4% moisture content (measuring 25.4 mm × 102 mm × 3.17 mm) were
coated with 0.12-0.15 g of each formulated adhesive based on ASTM D5868-01. Then, a
SATEC Universal Mini Hot Press was used to make plywood samples for lap shear test.
The two veneers were pressed at 176 °C under 1400 kPa for 4 min. In the hot-pressing
process, adhesive is further cured and polymerized to a higher molecular weight polymer
by losing its water and forming adhesive bonds with wood mats.
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3.3.4

Statistical Analysis
Two-way analyses of variance (ANOVA) was performed at the 0.05 confidence

level, using SAS software, to study the interaction effect between the type of resin and
the amount of resin that was used.
3.4
3.4.1

Results and Discussion
Resin Characterization
The measured properties of different phenolic resins are presented in Table 3.1.

According to Sellers89, the pH of resol phenolic resin should be maintained at the range
of 9-11, the pH of all phenolic resol resins formulated in this study were in that range 9.610.8 (Table 3.1). Wahab et al.121 reported that the viscosity of a phenolic resin was
increased by increasing pH, while gelation time will decrease by increasing the pH. The
results of our study also showed that gossypol-based phenolic resin with higher pH
(10.8), had a higher viscosity (536 mPa.s) and shorter gelation time (15 min). The higher
viscosity of gossypol-based phenolic resin could be due to the presence of more
hydrophilic OH groups in gossypol structure which form intermolecular hydrogen bond
that inhibits the free movement of polymer chains which resulted in higher viscosity and
lower gelation time.108 The solid contents of prepared phenolic resins ranged from 41 to
54%. The solid content variation in formulated thermosetting resins could be due to the
different raw materials, and consequently varying condensation reaction in prepared
phenolic resins.89 Depending on the application of the solid content of resol phenolic
resins are usually ranges between 35 to 65%. For instance, the solid content of softwood
plywood should be ranged between 40-45.122-123 Based on solid content results (Table
3.1), it seems that PF and PG resins are more suitable for softwood plywood application,
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while PGos resin is more appropriate for oriented strand board (OSB) and fiberboard
(FB) productions.122-123
The alkalinity of resol phenolic resins ranged from 1.9 to 3.6%. It should be noted
that alkalinity differs from pH. Alkalinity measures the ability of a solution to neutralize
acids and depends on the number of anions exists in the solution, while pH is the
measurement of an acid or base strength.124 Since the only alkalinity source in PF and PG
resins originated from hydroxyl alkalinity (NaOH), a higher measured pH value for PF
resin demonstrated a higher alkalinity of PF (2.6%) compared to PG resin (1.9%).
Whereas, the alkalinity of PGos resin (3.6%) is due to the presence of both hydroxide
(OH−) and acetate (CH3COO−) ions. The free aldehyde content of studied resins ranged
from 0.2 to 0.5%. PGos resin had the lowest free aldehyde content among prepared
resins, indicating that most of the aldehyde groups in gossypol structure took part in the
hydroxy-methylated reaction during phenolic resin preparation.

Table 3.1

1

Measured properties of phenolic resins.

Sample
ID

Solid
Content (%)

pH

Alkalinity
(%)

Viscosity
(mPa. s)

Gelation
Time
(min)

Free aldehyde
Content (%)

PF

45 (2.6) 1

10.2

2.6 (0.12)

390

19 (0.3)

0.3 (0.03)

PG

41 (1.3)

9.6

1.9 (0.28)

190

22 (0.9)

0.5 (0.06)

PGos

54 (1.2)

10.8

3.6 (0.47)

536

15 (0.4)

0.2 (0.08)

values in parenthesis are standard deviation based on five replicate analyses.
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3.4.2

Characterization of Adhesive
The results of measured physical, chemical, and thermal properties of

thermosetting resol phenolic adhesives are summarized in Table 3.2. Solid content is one
the important factors that can influence the time and curing temperature of adhesives.
Thus, a high solid content of adhesive (a low water content) resulted in a decrease in the
wood moisture content. As a result, a shorter hot- pressing time and lower curing
temperature are needed to remove water from the sample, meaning a less energy and cost
is required in the process.91
The solid content of prepared phenolic adhesives ranged from 48 to 64%. Due to
the absorption of water by wheat flour and alder bark modal that were added as a filler in
adhesive formulation, the solid content and viscosity of all prepared adhesives were
higher than the solid content, and viscosity of the resins. The pH of adhesive is also an
important parameter that can affect the condensation exotherm temperature.61
Christiansen et al.61 reported that at pH > 11, the rate of condensation reaction is lower,
therefore the adhesives will be crosslinked at a higher curing temperature. As shown in
Table 3.2, gossypol-based adhesive (PGos) with the highest pH (13.6) showed the highest
curing temperature (170 °C) while the GF adhesive (146 °C) had the lowest curing
temperature with the lowest pH (12.8). Information on viscosity is also essential, as this
can influence the adhesive penetration into the wood substrate, consequently affecting
the glue-line and mechanical strength of adhesive.91 According to Sellers123, the desired
viscosity to prepare plywood with resol phenolic adhesive in the industry is ranged
between 2000 to 3500 mPa.s.
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Table 3.2
Sample
ID

1

Properties of formulated phenolic adhesives.
Solid
Content

pH

(%)

Viscosity

Main Curing

Enthalpy

(mPa. s)

Temperatures (°C)

(j/g)

PF

56 (3.7) 1

13.1

2179

160

137

PG

48 (4.8)

12.8

2007

146

153

PGos

64 (4.5)

13.6

2567

170

161

values in parenthesis are standard deviation based on five replicate analyses.

Differential scanning calorimetry (DSC) is a useful tool to measure the curing
temperatures and thermal stability of phenolic resins.61 Showing at least one distinctive
exothermic peak in DSC diagram is a characteristic of curing of resol phenolic adhesive
as indication of self-condensation reactions in phenolic adhesives.61 The DSC curves of
prepared resol phenolic resins are shown in figure 3.3.
The main exothermic peaks were ranged between 146 °C to 170 °C (Table 3.2).
The variations in curing temperature of formulated resins are attributed to the different
reactivity of aldehydes used in this study. The phenol formaldehyde adhesive (PF)
showed an endothermic peak at 131 °C, which is due to the evaporation of the water
formed during the condensation reaction.111 The gossypol-based phenolic adhesive
(PGos) had the highest curing temperature, possibly due to the steric hinderance casused
by the bulky strcuture of gossypol compare to small formaldehyde and glyoxal.
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Figure 3.3

DSC thermograms of formulated resol phenolic adhesives.

Shear strength and percentage of wood failure are two important parameters that
determine the quality of adhesive for holding the two pieces of the wood veneers
together. The higher percentage of wood failure means that the adhesion strength
between wood and adhesive is higher than cohesive strength between wood fiber in
veneer. Table 3.3 shows the bonding strength, percentage of wood failure (as measured
by image analysis) and Tukey grouping of the plywood specimens made with different
phenolic adhesives. Based on two-way ANOVA results, there is no significant difference
between the shear strength of PG and PGos adhesives, while PF adhesive had
significantly higher shear strength (3.4 MPa) than PG and PGos. Although, the mean
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shear strengths of PG and PGos were lower than the lab PF resin, their mean shear
strengths were in line with the commercial PF resin (1.1 MPa) as reported by Wahab et
al.121 According to the ANOVA results, there is also no interaction effect between the
amount and the type of resins (p > 0.05).

Table 3.3

1

Plywood Performances of prepared phenolic adhesives.

Sample

Adhesive Amount

Shear Strength

Tukey

Wood Failure

ID

(g)

(MPa)

Grouping*

(%)

PF

0.13 (0.01) 1

3.4 (0.25)

A

62 (10)

PG

0.12 (0.02)

2.0 (0.71)

B

51 (25)

PGos

0.13 (0.01)

2.5 (0.75)

B

72 (21)

values in parenthesis are standard deviation based on ten replicate analyses.

Table 3.4

p-Value of two-way ANOVA results of shear strength data of adhesives
and interaction effects between amount of resin and resin type (α = 0.05).
Source

DF

p-Value

Resin type

2

0.0008

Amount

3

0.6045

Resin x Amount

6

0.6718
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3.5

Conclusions
In this study, we were able to successfully formulate two formaldehyde-free

adhesives using glyoxal and gossypol. This study is the first to test 100% replacement of
formaldehyde with a gossypol as a biobased dialdehyde. Although, the dry shear
strengths of both glyoxal and gossypol-based adhesive were lower than phenolformaldehyde resin formulated in in the lab, they were in the acceptable range of
phenolic adhesive indicated by British Standard European Norm (BS EN 314).
Currently, the high cost of gossypol could be considered as the main drawback in
using this biobased dialdehyde in the formulation of phenolic resin, but producing it for
such a drop-in application at the industry scale in the future, might reduce the price.
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APPENDIX A
THE DSC GRAPHS OF LIGNIN-BASED PHENOLIC ADHESIVES
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Figure A.1

The DSC graph of hardwood kraft lignin.

Figure A.2

The DSC graph of softwood organosolv lignin.
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Figure A.3

The DSC graph of hardwood organosolv lignin.

Figure A.4

The DSC graph of softwood lignosulfonate lignin.
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Figure A.5

The DSC graph of corn stover organosolv lignin.

Figure A.6

The DSC graph of kraft softwood lignin.
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Figure A.7

The DSC graph of wheat straw soda lignin.
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